The clinical success of stem cell therapy for myocardial repair hinges on a better understanding of cardiac fate mechanisms. We have identified small molecules involved in cardiac fate by screening a chemical library for activators of the signature gene Nkx2.5, using a luciferase knockin bacterial artificial chromosome (BAC) in mouse P19CL6 pluripotent stem cells. We describe a family of sulfonylhydrazone (Shz) small molecules that can trigger cardiac mRNA and protein expression in a variety of embryonic and adult stem/progenitor cells, including human mobilized peripheral blood mononuclear cells (M-PBMCs). Small-molecule-enhanced M-PBMCs engrafted into the rat heart in proximity to an experimental injury improved cardiac function better than control cells. Recovery of cardiac function correlated with persistence of viable human cells, expressing humanspecific cardiac mRNAs and proteins. Shz small molecules are promising starting points for drugs to promote myocardial repair/ regeneration by activating cardiac differentiation in M-PBMCs.
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cardiogenesis ͉ chemical biology ͉ high-throughput screen ͉ myocardial repair S tem cell therapy and regenerative medicine are promising new frontiers in the treatment of myocardial infarction (MI) and heart failure. Endogenous stem cell repair mechanisms are underpowered for tissue repair in ischemic and nonischemic cardiomyopathies. Thus, there is intense interest in developing therapeutic strategies to enhance the endogenous regenerative potential of adult human myocardium or supply stem/progenitor cells to the injured heart exogenously. Predelivery enhancement of stem/ progenitor cell function by promoting cell growth, differentiation, survival, and/or homing with small-molecule drugs or growth factors is an exciting strategy that has been successful in clinical trials of peripheral vascular disease (1, 2) . Cytokine-mobilized PBMCs are a universally accessible source of autologous human stem/progenitor cells (3) . Despite the uncertainty regarding the cardiogenic plasticity of bone marrow-derived cells, clinical trials have moved forward at a rapid pace. Results from more than a dozen worldwide trials using bone marrow-derived cells in MI and heart failure have demonstrated feasibility, safety, and measurable, albeit modest, clinical benefits, generating considerable optimism for the future of this therapy (4) (5) (6) . Yet, many basic scientific questions remain unanswered. To fulfill the clinical promise of stem/progenitor cells in cardiovascular repair, it is essential to clarify the roles of cardiomyogenesis, neovascularization, cell fusion (7) and paracrine growth factor secretion (8) , all potential contributors to recovery of cardiac function (9) .
An enhanced understanding of cell-fate mechanisms should translate into greater clinical success of cardiovascular cell therapy (5, 6) . Recent studies indicate that cardiac muscle, vascular smooth muscle, and endothelial cells share a common multipotent progenitor heritage, the cardiovascular master stem cell (10, 11) . However, despite decades of intensive investigation using traditional molecular, cellular, and genetic experimental approaches, in vertebrate, invertebrate, and stem-cell models (11) , much remains to be learned about what drives cardiovascular fate specification.
Chemical genetics offers a new approach for investigating cardiovascular fate in stem cells (12) . High-throughput technology allows rapid screening of hundreds of thousands of synthetic organic chemicals. Bioactive small molecules, selected for highlyspecific functions and targeted interactions with proteins, provide versatile experimental probes to explore complex signaling networks and interrogate mechanistic hypotheses. Importantly, they may also serve as platforms for new drugs.
We designed a small-molecule library screen for chemical activators of Nkx2.5, one of the earliest lineage-restricted genes to be expressed in cardiovascular progenitor cells (11) . Here, we describe a class of small molecules from this screen called sulfonyl-hydrazones (Shz) that potently induce Nkx2.5 and a subset of other cardiac markers, including myocardin, troponin-I, and sarcomeric ␣-tropomyosin (S␣TM) in a variety of different stem/progenitor cells. Moreover, Shz-pretreated human MPBMCs displayed cardioregenerative activity as xenografts in injured immunocompromised rat heart. Shz small molecules represent starting points for new drugs to produce cardiomyocytes from human hematopoietic stem/progenitor cells for regenerative repair of injured myocardium.
Results
Cardiogenic Small-Molecule Screen. We screened the Ϸ147,000 compound University of Texas Southwestern chemical library for activators of firefly luciferase (luc), inserted by Escherichia coli recombineering into the Nkx2.5 locus on a 180-kb mouse BAC (Fig.  1A) , stably integrated in P19 embryonal carcinoma cells, subclone CL6 (P19CL6) (13) . We confirmed that recombinant Nkx2.5-luc BAC function faithfully mirrored the native gene by generating transgenic mice (transgenic Nkx2.5 reporter, TNkxR). We observed luc activity exclusively in adult myocardium of TNkxR mice, using bioluminescence and biochemical assays [ Fig. 1B ; and see supporting information (SI) Fig. S1 A] . Sodium butyrate (NaB) strongly and reliably activated the Nkx2.5-luc transgene (Fig. 1C and Fig. S1B , green line) and native Nkx2.5 ( Fig. 1D ) and produced spontaneously beating cardiomyocytes in P19CL6 cell cultures (data not shown); we thus concluded that NaB would be a suitable positive control cardiogenic small molecule for our highthroughput screen (HTS). Importantly, dimethyl sulfoxide (DMSO), our chemical library's solvent, at 1.0% concentration did not induce the Nkx2.5-luc BAC reporter in P19CL6 cells above background (Fig. S1B, yellow line) . The Ϸ3,000 strongest positive hits from the primary screen were selected and rescreened by using a dose-response strategy, and more than half of these candidates (Ϸ1,600) remained firmly positive. Using chemoinformatics, we clustered these hits into a top-10 list of families with chemically distinct, synthetically tractable core structural motifs (Scheme S1).
Our screen was robust, identifying a diverse group of chemicals, ranging from thiazolidinediones to flavonoids, that regulate Nkx2.5 and/or cardiac fate in P19CL6 cells.
Validation of Sulfonyl-Hydrazone Hits. As a starting point, we chose to explore in greater detail the Shz small molecules, one of the most promising lead families. We independently identified four structurally distinct biologically active Shz small molecules and, equally important, many biologically inactive variants, a few of which are shown (Fig. S2 ). To resynthesize library compounds or create Shz variants for structure-activity relationship studies, substituted benzene-sulfonyl hydrazides were condensed with an aromatic aldehyde and isolated as pure crystalline compounds whose structures were verified by using NMR and mass spectroscopy (Fig. S2) . The Shz molecules used in this study are shown in Scheme S2.
We confirmed dose-dependent activation of the Nkx2.5-luc BAC transgene in P19CL6 cells (Fig. 1E) , with peak activity for Shz-1 in this assay at 2.5 M. We also confirmed by real-time RT-PCR, with normalization against gapdh mRNA levels, that Shz-1 specifically activated Nkx2.5 in parental P19CL6 cells in a dose-responsive manner (Fig. 1F) . In fact, the endogenous Nkx2.5 gene in P19CL6 cells was even more responsive to Shz-1 than the BAC transgene, peaking at 1.2 M drug concentration (Fig. 1F) . The parallel response of the Nkx2.5 BAC and native Nkx2.5 to Shz-1, like the cardiac-specific luc activity in TNkxR mice, provides reassurance that our reporter system is a reliable biosensor of Nkx2. 5 Myocardin is a serum response-factor coactivator that stimulates the transcription of multiple muscle-specific genes during cardiac and smooth muscle development and, therefore, also serves as a very early marker of cardiac progenitor cells (14) . We established a second set of stem-cell reporter systems, including a myocardin-luc knockin BAC (generated by E. coli recombineering) integrated as a transgene into the genome of P19CL6 cells (Fig. S3 ). In addition, we introduced luc by homologous gene recombination directly into the myocardin locus of SM1 mouse ES cells. For the myocardin-luc P19CL6 cells, we tested Shz-3 and Shz-4 (Scheme S2). Whereas Shz-3 strongly activated the myocardin-luc transgene in P19CL6 cells, Shz-4 was inactive ( Fig. 2A ). This result, in addition to more extensive structure-activity-relationship data, confirmed that small changes in Shz structure could profoundly impact biological activity. Shz-1 specifically activated the myocardin-luc knockin gene in SM1 ES cells (Fig. 2B) . Finally, we confirmed that Shz small molecules activated the native myocardin gene in parental P19CL6 cells ( Fig.  2C ) and SM1 ES cells (Fig. 2D ), using real-time RT-PCR with normalization versus gapdh mRNA levels. Thus, like Nkx2.5, the myocardin gene is a sensitive biosensor of chemical cardiogenic signaling.
We next tested whether Shz small molecules activated the mesodermal marker, brachyury-T, upstream of Nkx2.5 and myocardin in the normal developmental cascade. Shz small molecules induced expression of brachyury-T mRNA as detected by real-time RT-PCR normalized for gapdh in SM1 mouse ES cells (Fig. 2E) . Taken together, these reporter gene and mRNA data establish that Shz small molecules specifically activate brachyury-T and two key early cardiogenic program genes, Nkx2.5 and myocardin, in pluripotent mouse stem cells.
Activation of Sarcomeric ␣-Tropomyosin Expression by Shz Small
Molecules. We observed that S␣TM, a highly-specific protein marker of striated muscle cells and a very early marker of stem-cell cardiogenesis (15) , was strongly induced by Shz small molecules in P19CL6 cells. Staining with the CH1 S␣TM-specific mAb identified large clusters of cardiac progenitor cells, found exclusively in Shz small-molecule-treated cultures (Fig. 2F ). The absence of multinucleated myotubes or MyoD immunostaining, and differentiation in high-serum media, argued against these Shz small-moleculeinduced S␣TM-positive clusters being skeletal muscle derivatives, a formal possibility with the CH1 mAb (data not shown). We confirmed induction of S␣TM in P19CL6 cells by protein blotting (Fig. 2G and Fig. S4 ). Again, like the stem cell reporter and mRNA assays, Shz-1 activity was already maximal at 2.5 M. We also observed a rapid and robust induction of S␣TM in H9c2 cells, a continuous cell line derived from the embryonic rat ventricular myocardium with selected features of a cardiac progenitor cell (Fig.  S5) . Indeed, in response to Shz small molecules, S␣TM-positive H9c2 cells acquired a cellular morphology strikingly reminiscent of binucleated cardiomyocytes from the newborn rat heart (Fig. S5A) . Shz-specific induction of S␣TM in H9c2 cells was also confirmed by protein blotting (Fig. S5B) .
Collectively, these gene expression studies establish that Shz small molecules can potently activate an important subset of early cardiac genes and phenotypic differentiation in pluripotent stem cells, providing at least an initial chemical trigger for activation of the cardiac genome and cell fate.
Chemical Phenotype of Sulfonyl-Hydrazone-Induced Cardiogenic Progenitors. Histone modification is one of the earliest hallmarks of stem cell differentiation, and drugs like NaB that target histonemodifying enzymes can trigger stem cell differentiation. NaB induced rapid global modification of histone H3 and H4 but did not induce S␣TM in P19CL6 cells (Fig. 3A) . In contrast, Shz small molecules induced S␣-TM but did not induce global histone modification (Fig. 3A) . We also interrogated the effects of Shz drug exposure on a number of pathways by phosphoprotein blotting. Shz small molecules triggered ERK1/2 pathway (e.g., Elk, Mek, and Raf1) activation in P19CL6 (Fig. S6A ) and H9c2 cells (data not shown), suggesting a possible role for MAPK signal transduction in the chemical pathway leading to the genome. The MEK inhibitor, U0126, effectively blocked ERK1/2 phosphorylation in P19CL6 cells (Fig. S6B ) but had no effect on the dose-responsive Shzmediated Nkx2.5-luc BAC reporter activation in P19CL6 (Fig.  S6C) . Likewise, U0126 failed to attenuate Shz-induced S␣TM expression in P19CL6 cells (data not shown). We tested a panel of traditional signal transduction pathway inhibitors and failed to find a blocker of Shz-mediated reporter activation or S␣TM induction 
We also tested whether activation of Nkx2.5 or other cardiac genes by Shz small molecules involved BMP, FGF, and Wnt pathways, key cardiogenic signaling circuits. The highlights of these functional and biochemical experiments are summarized in (Fig. 3 and Fig. S4 ). BMP-2 induced Smad-1 phosphorylation (Fig. S4) and activated the Nkx2.5-luc BAC in our reporter stem cells (Fig. 3B) , and this activation was attenuated by Noggin, the BMP antagonist. Shz-1, on the other hand, activated Nkx2.5-luc independent of Smad-1 phosphorylation (Fig. S4) and was only weakly blocked by Noggin (Fig. 3B) . BMP-2 also induced GATA-4 expression in these cells, but Shz-1 did not (Fig. 3C) . At 1 hour, FGF-2 was a much stronger activator than Shz-1 of ERK1/2 phosphorylation in P19CL6 cells (Fig. 3C) . FGF-2 also induced Oct3/4 expression in these cells, detected by both immunostaining and protein blot (Fig.  3C and Fig. S4) . In contrast to BMP-2 and FGF-2, Shz-1 alone induced S␣-TM, an early phenotypic marker of cardiomyogenesis. Finally, to interrogate whether Shz-1 activated cardiac genes by modulating Wnt signaling, we compared the expression level of total cellular ␤-catenin in drug-treated versus control P19CL6 cells and found no difference at 1 h (data not shown) or 24 h (Fig. S4) . Second, we studied whether Shz-1 could modulate the superTOPflash (STF) reporter gene system in a stable reporter cell line that directly measures the activity of canonical Wnt pathway. Shz small molecules had no effect at any dose on ␤-catenin accumulation or on activity of the STF reporter gene in this cell system. Taken together, these results demonstrate that the mechanism of Shzmediated cardiac fate signaling is distinct from BMP-2, FGF-2, and Wnts and may have a nonredundant, even complementary, functional role in cardiogenesis. By excluding BMP-2, FGF-2, and Wnts, our candidate-based approach to mechanism and target discovery has allowed us to focus on other pathways.
Shz Small-Molecule Enhancement of Human M-PBMCs for Myocardial
Repair. Toward clinical and therapeutic targets, we set out to extend our findings to adult stem/progenitor cells and chose granule colony-stimulating factor (GCSF)-mobilized peripheral blood mononuclear cells (M-PBMCs) as our first test system. We studied the effects of Shz on the growth, differentiation, and survival of human M-PBMCs in a standard culture model and as a cellular inoculum in the cryoinjured rat heart. Using apheresis, we collected GCSF-mobilized PBMCs from anonymous normal donors (''leftover'' cells from bone marrow transplants) and cultured unfractionated PBMCs in serum-free chemically defined X-vivo 20, a cell culture media optimized to support growth/survival of human stem/progenitor cells. We tested cells from several donors, independently, with only minor variability in cell yield, composition [Ϸ30-50% monocytes, 1-2% CD34(ϩ), 1-2% side population (by Hoechst dye exclusion), and Ͼ95% CD45(ϩ)], and viability. The results of several experiments yielded similar findings. Within the time course of this experiment (3 days drug plus 7 days drug-free media) we observed little, if any, cell proliferation or death in M-PBMC cultures, yet RT-PCR and preliminary gene chip data (not shown) suggest that Shz small molecules induced significant changes in cellular phenotype.
PBMCs from the circulation attach poorly, if at all, to tissueculture dishes. Yet, when M-PBMCs were treated for the first 3 days after harvest with escalating concentrations of Shz-1, we observed a dose-dependent increase in the number of cells that stably attached to the plate (Fig. 4A and Fig. S7 ). In contrast, upon gentle washing, few cells attached in vehicle control experiments, even starting from high-density cultures (Fig. S7) . We counted the number of attached cells in at least 10 representative low-power fields (lpf) and then averaged these numbers (Fig. 4B) . Initially, we observed little proliferation of these cells; a 24-hr pulse of bromodeoxyuridine on day 9 to mark DNA synthesis demonstrated only rare BrdU-positive cells (data not shown). On the other hand, after several weeks in culture in X-vivo 20 without additional additives, we observed limited proliferation of Shz-1-treated human M-PBMCs with the formation of very small cell colonies (data not shown). Therefore, Shz-1 primarily enhanced the attachment and survival rather than the proliferation of a preexisting cell population in cultured human M-PBMCs. Preliminary characterization by cell staining and RNA expression array indicates that the cells induced to attach by Shz small molecules express monocyte/macrophage lineage markers (data not shown). However, all subsequent experiments included the nonadherent cell subpopulation, which is substantially more complex.
Shz-1-treated human M-PBMCs specifically expressed several cardiac marker mRNAs and proteins, demonstrated by RT-PCR and immunostaining, with cells from several donors, using several different Shz small molecules (Figs. 4 C and D and 5C Inset) . We observed specific induction of Nkx2.5 and ANP transcripts in human M-PBMCs treated for 3 days with Shz-3 then 7 days in drug-free X-vivo 20 media (Fig. 4C) as well as induction of cTnI transcripts in human M-PBMCs treated, by using the same 3 ϩ 7 day protocol, with Shz-1 (Fig. 4D) . We detected cTnI protein after Shz-1 induction in these cells by mAb staining (Fig. 5C Inset) , confirming expression of cardiac protein markers.
Given the effects of Shz small molecules on human M-PBMCs in vitro, we tested whether drug-enhanced cells would make suitable xenografts in a rat heart cryoinjury model (Fig. 5A) . Unfractionated PBMCs harvested from healthy donors after GCSF-mobilization were treated in vitro with Shz drug for 3 days. The drug was then removed and the cells cultured for an additional 7 days in drug-free media (as in Fig. 4) . For the final 12 h, cells to be used for xenograft injection were labeled with a DAPI nuclear stain and then harvested and assayed by trypan blue to assure high viability (Ͼ90%). DAPI-labeled human cells pretreated with Shz-3 or vehicle control were then engrafted at three sites, Ϸ30,000 cells each site, by needle injection into healthy myocardium adjacent to cryoinjury on the anterior left ventricular (LV) wall in athymic nude rats (four rats in each group). An additional control group received injection of media without cells as a sham operative control. All rats survived the burn protocol and cell engraftment. We interrogated cardiac function by serial echocardiography on days 3, 7, 14, and 21 after M-PBMCs were treated with vehicle or Shz-3 for 3 days, followed by 7 days in drug-free media; the cells were harvested and analyzed by RT-PCR for Nkx2.5, ANP, and gapdh transcripts; adult human heart mRNA was used a positive control. (D) M-PBMCs from a different donor were harvested before treatment (day 0) or treated with Shz-1 for 3 days, followed by 7 days in drug-free media, and then harvested and analyzed with heart muscle control by RT-PCR for cTnI and gapdh transcripts.
cryoinjury and cell engraftment and compared these results to baseline echocardiograms (Fig. 5A) . At the time of study and data analysis, the echocardiographer was blinded to the treatment group. At 3 days, after successful recovery from surgery, the standardized cryoinjury had caused a Ϸ15-20% decrease in overall LV fractional shortening, highly consistent from animal to animal. By 21 days, rats that had received myocardial injection of media alone showed no appreciable change in their LV function (Fig. 5B and Fig. S8A ). Rats that had received vehicle-treated cells showed only modest improvement in LV function (Fig. 5B) . In contrast, rats that had received Shz-3-enhanced cells demonstrated a significant improvement in LV function at 7 days and returned to normal preinjury contractile function levels by day 21 (Fig. 5B) . The difference in contractile function between rats that had received Shz-3-or vehicle-treated cells was significant by day 7 after injury (P ϭ 0.00183) and remained significant on day 14 (P ϭ 0.00023) and day 21 (P ϭ 0.00024) (Fig. 5B) . Thus, Shz drug-enhanced cells conferred a significant improvement in cardiac function after cryoinjury but control/vehicle-treated cells did not.
To show that the improvement in LV function after engraftment of drug-treated human cells was associated with survival of human xenograft cells in the rat myocardium, we double-immunostained chimeric myocardium with a human-specific cTnI mAb and a panspecies ␣-actinin mAb to identify host cardiomyocytes (Fig. 5C) . Despite exhaustive exploration of microscope slides from control hearts, we failed to identify any surviving xenografts of vehicletreated human cells by DAPI signal at 1 month, and a representative negative-control image is shown (Fig. 5C Upper) . On the other hand, colonies of Shz-3-treated human cells, whose nuclei were clearly marked by DAPI staining, could be definitively identified by using a human-specific cTnI mAb in the needle track and invading adjacent myocardium (Fig. 5C Lower) . Importantly, the mutually exclusive species-specific staining pattern obtained with these two muscle mAbs (cTnI 3 human and ␣-actinin 3 rat) strongly argues against fusion between human cells and host rat myocardium as a predominant mechanism, if it occurs at all in this system (Fig. 5C) .
To provide additional molecular evidence that Shz smallmolecule-treated human cells were still viable and expressing human cardiac genes in chimeric myocardium, we assayed for rare human-specific transcripts (of highly conserved cardiac mRNAs) amidst abundant rat cardiomyocyte transcripts (Fig. 5D and Fig.  S8B ). First, we did high-stringency RT-PCR using conditions optimized to preferentially amplify the human versus rat Nkx2.5 or cTnI cDNAs (Fig. 5D) . For both Nkx2.5 and cTnI, a PCR band was more abundant in chimeric myocardium from rats that had been injected with Shz-3-treated cells than their counterparts that had been injected with cells treated with vehicle alone (Fig. 5D) . Thus, although we could not identify vehicle-treated cell islands by microscopic analysis (Fig. 5C Upper) , a small number of these cells must have survived as grafts in the injured rat heart, detectable only by ultrasensitive RT-PCR (Fig. 5D) . We further cloned and sequenced RT-PCR products generated from the chimeric myocardium of rats injected with Shz small-molecule-treated human M-PBMCs and identified human cDNA sequences from this chimeric tissue (Fig. S8B) , providing strong evidence that human cells were viable and synthesizing cardiac mRNAs 1 month after engraftment into the injured rat heart. Thus, the cell-mediated functional recovery enhanced by drug was associated with increased expression of human cardiac mRNAs by xenograft M-PBMCs in the injured rat heart.
Discussion
We report a successful chemical library screen for activators of the early cardiac genome in pluripotent stem cells and characterize a promising family of small molecules that can both promote cardiac regenerative therapies and serve as mechanistic tools to gain insight into the biology that underlies cell-fate decisions in stem cells. The Shz small molecules were among the strongest inducers of the Nkx2.5 BAC reporter gene system to emerge from our primary screen of almost 150,000 compounds using genetically engineered P19CL6 pluripotent stem cells. We tested Shz small molecules in a number of confirmatory stem cell cardiac reporter gene assays and validated their bioactivity by demonstrating specific induction of cardiac mRNAs and proteins. Most remarkably, Shz small molecules activated the human cardiac genome in adult M-PBMCs, one of the most clinically viable sources of stem cells for cardiac therapy. Shz small molecules enhanced the differentiation of M-PBMCderived cells, which expressed a subset of cardiac genes. Engraftment of drug-induced human M-PBMCs improved cardiac function in a rat myocardial cryoinjury model significantly better than control M-PBMCs treated with vehicle alone. We observed a direct correlation between Shz drug-induced expression of cardiac mRNAs, successful engraftment of cTnI (ϩ) human cell colonies, and recovery of function in cryoinjured rat hearts. We conclude that in this model: (i) Shz drug pretreatment enhances successful engraftment of human cells that express cardiac genes and proteins, and (ii) successful engraftment of Shz-treated human cells is required for efficient recovery of cardiac function. Thus, from a chemical screen based on one of the earliest genes known to be involved in cardiac fate, we have identified a class of small molecules that can enhance the cardioregenerative potential of adult human PBMCs. or vehicle control were injected by needle into the healthy myocardial perimeter of liquid nitrogen probe-mediated transmural burn injury, followed by 7 days in drug-free media. (B) Serial echocardiography was done at baseline (preinjury) and on days 3, 7, 14, and 21 after injury/xenografting, and the fractional shortening was calculated for each animal (n ϭ 4, each group) and was compared with hearts that had received mock injection with media alone (no cells). At days 7, 14, and 21, the difference between Shz-3 small-molecule and vehicle-treated human M-PBMC xenografts was statistically significant, P ϭ 0.00183, P ϭ 0.00023, and P ϭ 0.000238, respectively. (C) IHC of chimeric juxtaburn myocardial tissue from rat injected with in vitro DAPI-stained vehicle (Upper) or Shz-3-treated (Lower) human M-PBMCs by using a mAb that detects ␣-actinin exclusively in host rat myocardium (human cells evident by DAPI stained nuclei are negative for ␣-actinin) (Left) versus a human-specific cTnI mAb that exclusively detects viable human drug-induced (cardiac gene-expressing) cells in the needle-track (Lower Right). We designed a chemical screen to recover small molecules targeting Nkx2.5, a signature gene of the cardiovascular master stem cell (10, 11, 17) . In this regard, our chemical screen was fundamentally different from previous cardiogenic small-molecule screens that targeted the 5Ј regulatory sequences of two markers of late cardiogenic differentiation, ␣-myosin heavy chain (␣-MHC) (18) or atrial natriuretic factor (ANF), neither of which have known functional roles in cardiac fate. Another distinctive element of our screen was the use of an artificial chromosome, a chromatin domain encompassing all of the transcriptional and epigenetic regulatory sequences necessary for cardiac-specific expression of the Nkx2.5 gene. The ␣-MHC screen identified ascorbic acid (vitamin C), and the ANF screen identified cardiogenol, a diaminopyrimidine, as compounds that enhanced the efficiency of producing spontaneously beating cardiomyocytes from pluripotent stem cells (19) . Of note, our screen identified one family (Scheme 1, 2-aminobenzoxazoles) that contained an aminopyrimidine ring with possible functional homology to cardiogenol.
To explain how successful engraftment of even small amounts of Shz-treated human cells can promote recovery of contractile function, future studies will need to determine the relative roles of paracrine versus contractile repair mechanisms. We speculate that the Shz small-molecule-induced sarcomeric ␣-tropomyosin-positive P19CL6 cell clusters (Fig. 2F) are colonies of ''cardioblasts,'' committed to the cardiac cell fate yet still highly proliferative. It remains for future studies to isolate, subclone, and characterize the growth and differentiation properties of these Shz drug-induced cardiac progenitors and determine the additional chemical signals necessary to drive these precursors toward functional and terminal cardiac differentiation. Preliminary pharmacokinetic studies in mice indicate that high plasma concentrations of Shz-1 can be achieved after single dose i.v. administration, even accumulating in myocardium, and lacking obvious organ system toxicity (data not shown). Thus, as the first agent identified in a small-molecule screen capable of enhancing myocardial regeneration with human MPBMCs, the Shz class of compounds has significant clinical potential, either for ex vivo pretreatment of stem cells or systemic administration.
Materials and Methods
Assay Development. An Nkx2.5-luc transgene was constructed by replacing the two coding sequence exons of Nkx2.5 locus from the ATG with the coding sequence of luc (from pGL3-basic vector, Promega) in an Ϸ180,000-bp-long BAC (Fig. 1 A) . The recombinant BAC DNA was introduced into pluripotent P19CL6 cells (13) by using Lipofectamine-2000 (Invitrogen), and neo R clones were selected and tested for chemically inducible luc activity with sodium butyrate (NaB). A clonal stem cell line (#5-1) with low basal and at least 4-fold-higher NaB-inducible luciferase activity compared with vehicle DMSO control (ZЈ value of Ϸ0.7 in 384-well-plate format) was chosen for the HTS.
HTS for Chemical Inducers of Nkx2.5-luc in P19CL6. Approximately 147,000 unique compounds were screened by using clone #5-1 P19CL6 Nkx2.5-luc cells in 384-well white plates. To ensure pluripotency at the time of compound screening, each P19CL6 #5-1 batch was prescreened for uniform high-level Oct3/4 expression by immunofluorescence cell staining. Cells were plated by using an automated dispenser at 1,200 cells per well in 70 l of media per well in 10% fetal calf serum MEM␣ media. Parallel plating onto clear-bottom plates was done to ensure viability and appropriate cell density for large-scale screens. On day 3, 0.7 l of library compounds at 5 M in pure DMSO (1% final DMSO concentration) was dispersed robotically (384-pin array Biomek FX high-precision robot), and the plates were incubated for 48 h before measuring luc activity.
Pretreatment of M-PBMCs and Myocardial
Injury. Human M-PBMCs cells were cultured in X-vivo 20 media with 5 or 10 M Shz or vehicle (vol/vol equivalent DMSO control) for 3 days, then washed and resuspended in fresh X-vivo 20 media for 7 days. The cells were either harvested in TRIzol (Invitrogen) for RNA isolation, washed with PBS and fixed on chamber slides for immunohistochemistry, or trypsinized (0.05% trypsin) and counted for in vivo delivery. Athymic Harlan nude rats (8 -10 weeks) lacking cell-mediated immunity were used. After baseline echocardiography, myocardial cryoinjury was induced by applying a supercooled probe to the epicardial surface of the left ventricular anterior wall. Human M-PBMCs were injected at three sites circumferentially around the cryoinjury zone.
For additional methods, please refer to SI Text.
